Spin Correlation Effects in 
Top Quark Pair Productiorf 

o, 

CN . Stephen J. Parke 

^^' Theoretical Physics Department 

^ C^ . Fermi National Accelerator Laboratory 

' ' P.O. Box 500, Batavia, IL 60510, USA 

parke@fnal.gov 

Oh' 



> 

m 

o 



o 
o 



X 




An analysis of the spin correlation effects in top quark pair production at hadron colliders 
is presented with special emphasis for the Large Hadron Collider (LHC). At the LHC top 
'•li ' quark pair production is dominated by gluon-gluon fusion. For gluon-gluon fusion at high 

energies the production is dominated by unlike helicity gluon fusion which has the same spin 
correlations as quark-antiquark annihilation. At low energies the production is dominated by 
like helicity gluon fusion which imparts very strong azimuthal correlations on the di-lepton 
decay products in top quark pair decay. This production process is studied in detail and this 
suggest a new way to look for spin correlations in top quark pair production at the LHC. 



1 Spin Correlations in Top Quark Pair Production 

At a 14 TeV proton-proton collider, the Large Hadron Collider (LHC), top quark pairs are 
produced 85% of the time by gluon-gluon fusion and 15% of the time by quark-antiquark an- 
nihilation. Thus, to understand spin correlation effects at the LHC one needs to understand 
top quark pair production via gluon-gluon fusion . To facilitate this understanding it is natu- 
ral to separate the gluon-gluon fusion process into the contribution from unlike helicity gluons 
{gLgR + ORgL) and like hehcity gluons {qlOl + gROR)- 

For top quark pair production by unlike helicity gluons and also via quark-antiquark anni- 
hilation , top quark pairs are always in an UD or DU configuration, if the off-diagonal basis'^ 
is used. In this basis, the spin axis of the top quark makes an angle, Q, with respect to the top 
quark direction in the ZMF. This angle is given by 

tanf7 = (l-/32)tane, (1) 
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Figure 1: The non-zero spin configurations for top quark pair production via quark-antiquark anniliilation 
{<lR<lL — >■ ti) or unlike lielicity gluon fusion {gaQL — >■ ti) in tfie off-diagonal basis. Tliis basis interpoiates be- 
tween the beam fine at threshold, Q — 9, and the helicity basis at ultra-relativistic energies, fl = 0. For general 
j3, tan n = (1 — /3^) tan 6 and the relative weight of the left [tuio) contribution to the right (toiu) contribution 

is given by (l + ^/ 1 - 13'^ sm^ o) to [l - ^/T^^]Psir^^ . 

where /? is the speed of the top quarks in the zero momentum frame (ZMF) and 9 is the scattering 
angle in this frame. Thus, at threshold, the top quark spin is aligned along the beam line, il. = 9, 
and at high energy the top quark spin is aligned along the direction of the top quark motion 
(helicity), fi = 0; the off-diagonal basis smoothly interpolates between these two extremes. The 
axis for the anti-top quark is always taken anti-parallel to the spin axis for the top quark, see 
Figl. 

CDF and DO at the Tevatron have attempted to measure the spin correlations from quark- 
antiquark annihilation and have found it to be very challenging. Since top quark pairs from 
unlike helicity gluon fusion have the same spin correlations as quark-antiquark annihilation, this 
does not seem like a fruitful way to proceed as the top quarks will be more highly boosted at 
the LHC. 

So, what about top quark pairs from like helicity gluons which possibly have different spin 
correlations? The contribution from like helicity gluons dominates at low invariant mass of 
the top quark pair whereas the unlike helicity process dominates at high invariant mass. In 
particular, if 

then the like helicity contribution dominates. In fact the like helicity contribution to gg — >■ ti is 
65% of the total contribution for top quark pair production via gluon-gluon fusion, i.e. 55% of 
the total top quark pair production. 

For the production of top quark pairs from like helicity gluons, the most appropriate basis 
is the helicity basis, where the top quark pairs are always produced in a LL or RR helicity spin 
state, see Fig 2. 

The fully correlated, total matrix element squared for top quark production and decay from 
like helicity gluons, 

9R9R + 9L9L -^ t + t -^ {b + e + iy) + {b + n + i^), (3) 

is given by 

i\A\lR + \A\lL)corr - m^it ■ e){t ■ fi) + {i ■ e)ii ■ fi) - m^ie ■ fi)}. (4) 
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Figure 2: The non-zero spin configurations for top quarlc pair production via like helicity gluon fusion {gRQR — >■ tt) 

in tfie lielicity basis. This is the best basis for this process, the relative weight of the left {tnin) contribution to 

the right {tLtL) contribution is given by (1 + /?) to (1 — /3) . 

where, for example, {t ■ e) is shorthand for {pt ■ p^), the dot product of the four momentum of 
the top quark, pt, and that for the positron. 

For comparison, we define the decay of a top or anti-top quark into a VF-boson and 6-quark 
uncorrelated if this decay is spherical in the top quark rest frame and thus independent of the 
top quark spin. The VF-boson is then assumed to decay in the usual (fully correlated) manner. 
The uncorrelated matrix element squared is then simple given by 

i\A\lii+\A\lL)uncorr^ {t ■ e){i ■ ^l){t ■ t). (5) 

The ratio of the correlated to uncorrelated matrix elements squared, 5, for like- helicity 
gluons is given by 

c- (I-^Ir/?, + I-^lDcorr _ m1{{t ■ e){t ■ ij) + {i ■ e){i ■ ^J) - mj{e ■ ^J)} 



{\A\Ir + \A\lL)uncorr {t ■ e){i ■ lj){t ■ i) 

(l-/3cte-)(l-/3q-J 




(6) 



where the last line is given in the ZMF in terms of the cosine of the angles between t and e 
(cte), t and fi (cf^) and e and /i (cg^). The range of 5 is between (2,0). At threshold, /? — >■ 0, the 
maximum of S occurs when the charged leptons are parallel, Cg^ = +1, whereas the minimum 
occurs when the charged leptons are back-to-back, cgfj, = — 1, independent of their correlation 
with the top-antitop axis. 

For non-zero /3, the maximum (minimum) still occurs when the charged leptons are parallel 
(back-to-back), but they are now correlated with the top-antitop axis. The fact that the charged 
leptons are more likely to have their momenta being parallel rather than back-to-back is what is 
expected for top quark pairs that have spins which are anti-aligned, i. e. LL or RR. However, here 
the enhancement is even stronger than what one would naively expect because the interference 
between LL and RR strengthens the correlation between the momenta of the two charged leptons. 
This argument suggests looking at the AR, Ar] and Acj) distributions of the two charged leptons 
with a cut on the invariant mass of the top-antitop system. However, only the Acf) distribution 
shows significant differences between the correlated and uncorrelated cases. 

In Fig. 3 we give the distribution (l/or) da/d{A(j)) verses A(j) for the case where we have 
constrained the invariant mass of the top quark pair to be less than 400 GeV (left) and where the 
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Figure 3: The differential distribution of A(/>, (l/or) d(j/d(A<j!>). The sohd curve is for the fully correlated case 
whereas the dashed curve assumes that the top quarks decay spherically in their respective rest frames. Left: A 
cut restricting the invariant mass of the tt pairs to a maximum of 400 GeV has been applied to these distributions. 
Right: A cut restricting the average reconstructed invariant mass of the tt pairs to a maximum of 400 GeV has 

been applied to these distributions. 

constraint is on the average reconstructed mass of the top quark pair (right). Clearly, there is a 
difference between the correlated and uncorrelated cases using both methods of constraining the 
top quark pair invariant mass. Unfortunately, the shape of the curves changes as you go from 
the true invariant mass constraint to the average reconstructed mass constraint, suggesting that 
this mass cut needs to be studied at NLO to properly understand these shape change effects. 

In summary, a new way to investigate spin correlations in top quark production and decay is 
presented for the LHC. The essences of this method is to look at the azimuthal angles between 
the two charged leptons in a sample of di-lepton quark pair events where the invariant mass 
of the tt system is constrained to be less than 400 GeV. Given the large top quark pair cross 
section at the LHC, it is estimated that there will be 1000 such events per fb~^ at 14 TeV. 
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